A natural pH gradient caused by marine CO 2 seeps off the Methana peninsula (Saronikos Gulf, eastern Peloponnese peninsula) was used as a natural laboratory to assess potential effects of ocean acidification on coccolithophores. Coccolithophore communities were therefore investigated in plankton samples
Introduction
The cumulative emissions in anthropogenic CO 2 from 1870 to 2014 totaled about 545 GtC; almost half of these emissions remain in the atmosphere and increase the potential to enhance climate change [1] . In addition, the oceans absorb approximately 30% of the atmospheric CO 2 produced by anthropogenic activities [1] [2] [3] [4] . As a result, the concentration of bicarbonate ions is increasing; causing simultaneous reduction in carbonate ions, decline of ocean pH and lowering of the calcium carbonate saturation state (O) of both calcite and aragonite [e.g., 1, 2, 5, 6] . During the last 200 years, surface ocean pH has fallen almost 0.1 units to a current day global average of approximately 8.2 [7] . The associated ocean acidification with surface pH a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 gradually decreasing towards the inner gulf and the Attica coast from about 200 m to 100 m. The western gulf displays great depth variability, with depths locally exceeding 400 m and water masses being exchanged through the passages between Aegina and Salamina islands to the north and Aegina Island and Methana peninsula to the south (Fig 1A) . Saronikos Gulf is characterized by robust seasonal flows that are induced by thermohaline effects and density contrasts with inflowing Aegean waters, and can be modified by the wind [47] . In summer an anticyclonic and a cyclonic flow exists throughout the gulf above and below the pycnocline, whereas in winter and early spring an anticyclonic flow prevails in the upper~100 m (Fig 1B) . The predominant northerly winds in summer and winter push the inner gulf eastward seasonal jet to the south, whereas northwesterly, westerly, and southerly winds favor the northward meandering of the seasonal jet in the inner gulf [47] .
The volcanic area of Methana is located at the eastern Peloponnese peninsula within the southwestern area of inner Saronikos Gulf and represents the western end of the Aegean Volcanic Arc (Fig 1A [48] ). The last eruption on Methana was in 230 BC as described by the ancient Greek geographer Pausanias; an active submarine volcano NW of Methana peninsula has been discovered lately [49] . On Methana peninsula there are thermal springs and mofettes and the coastal area at the northern part is still hydrothermally active with gas emissions of mainly carbon dioxide and smaller amounts of nitrogen, carbon monoxide and methane [37, 50] . The seawater chemistry together with the seasonal variability of macroalgal communities at CO 2 seeps off Methana have already been monitored from 2011 to 2013 [37] , showing that seawater pH decreased to levels predicted for the end of this century at the seep site with no confounding gradients in Total Alkalinity, salinity, temperature or wave exposure. Free sulphide concentrations were below the measurable limit (1 μM) [37] . In contrast, the samples near Loutra thermal baths (south eastern part of the peninsula) had a concentration of free sulphides of 35 μM [37] .
Materials and methods
44 water samples were collected with a single Hydrobios oceanographic bottle from 8 coastal stations off Methana peninsula during September 2011, September 2016, and March 2017, (Fig 1C and Table 1 ). Sampling permission was issued by the Municipality of TroizinaMethana. All samplings were conducted under mild weather conditions, i.e. with no prevailing winds. Stations P1, P2 and P3 represent the main area featured by low pH conditions due to CO 2 emissions; P4 and P5 are pristine stations, whereas F1 was situated within an enclosed embayment hosting a small fish aquaculture plant. Stations L5 and R1 are affected by thermal springs (releasing sulphides and radium, respectively).
Temperature, salinity and pH were measured using a multiprobe (YSI 63). The probe was calibrated before use with pH 4.01, 7.01 and 10.01 NBS standards; the uncertainty in using the NBS scale for seawater pH measurements (approximately 0.05) was considered acceptable [37] . Mineral nutrients were measured according to Strickland and Parsons [51] and Rimmelin and Moutin [52] . The amount of chlorophyll-a that corresponded to the 0.2-2.0 μm and >2.0 μm size classes was measured fluorometrically [53] .
The calcium carbonate saturation state (O) of both calcite and aragonite were calculated with CO2Sys program configured for Excel by Pierrot et al. [54] using the current pH, temperature, salinity, phosphate and silicate measurements and the total alkalinity (AT) values resulted from monitoring of the site in 2011-2013 [37] . The set of carbonic acid apparent dissociation constants (K1 and K2) [55] , the equilibrium constant of hydrogen fluoride [56] , the stability constant of the hydrogen sulfate ion [57] and the boron to chlorinity ratio [58] were chosen.
For total phytoplankton analysis, 25 ml of seawater per sample were examined by inverted microscope [59, 60] . Cell density was calculated as cells l For coccolithophore analysis, in each sampling station 2 liters of seawater were filtered on Whatman cellulose nitrate filters (47 mm diameter, 0.45μm pore size). Salt was removed by washing the filters with about 2 ml of mineral water. The filters were dried open and stored in plastic Petri dishes. Out of a total of 44 samples, 33 samples have been analyzed using a Zeiss DSM 940A Scanning Electron Microscope (SEM) at the University of Bremen, Department of Geosciences. A small piece of each filter (~1 cm 2 ) was cut out, fixed on double-sided adhesive carbon tape to an aluminum stub and sputter coated with Au/Pd. The analysis of the filters was performed at 10 kV and more than 100 coccospheres were counted when possible at 3000x magnification. Coccolithophore cell densities were calculated as follows: Number of coccospheres l ) were calculated following Jordan & Winter [61] , by scaling up the raw counts from a known scanned area. Identification of coccolithophore species generally followed the taxonomic guides of Young et al. [62] and Malinverno et al. [63] .While processing the data, all samples have been grouped in two depth classes (0-20 m and 40-60 m). Shannon Wiener diversity index (H') was calculated using Past.exe 1.23 software [64] for the different depth classes in each sampling station. Table 2 ) that are associated with undersaturated conditions in both calcite and aragonite [37] . In March sampling, median values varied between 7.17 and 7.92 (Table 2) . It has been shown [37] that the pH variability in the area off Methana is mainly attributed to changes of the CO 2 vent emissions and other factors (e.g. hydrogen sulphide) that would affect both pH and AT are practically missing. The additions of CO 2 gas alter the carbonate system equilibria leaving AT constant. Assuming that AT remains relatively constant in the area (stations P1-P5) and using our pH, salinity, temperature and nutrients data, we did a rough estimation of the saturation (Table 2 ). Nutrient and chl-a concentrations for all analyzed samples showed the typical oligotrophic summer Aegean Sea conditions, whereas in March the content of NO 2 +NO 3 reflects the seasonal nutrient enrichment and the consequent increase in chl-a (Table 2) .
Results

Temperature
Total phytoplankton and coccolithophores
Inverted microscope total phytoplankton identifications (Fig 2) were performed for both September 2016 and March 2017 samplings. During September period Dinophyceae and Coccolithophores (Haptophyceae) were the dominant groups relative to Bacillariophyceae. All groups showed highest abundances in station F1, whereas the latter group was totally missing from stations P3, P5 and L5. In March 2017, Bacillariophyceae displayed higher values than Dinophyceae; values still indicate an oligotrophic environment. Coccolithophores were relatively higher in respect to September sampling but still represented a minor assemblage component. During the warm-period samplings (September 2011, 2016; S1 and S2 Appendixs), SEM analyses revealed a total of 73 coccolithophore species out of which 34 were holococcolithophores.
Total coccospheres (Tables 1 and 3 ). Concerning species composition, Syracosphaera spp. comprised 30-60% of the total coccolithophore assemblage during September 2011, followed by Rhabdosphaeraceae; interestingly E. huxleyi was totally absent (Fig 3 and S1 Appendix) . Holococcolithophores exceeded 18 x 10 3 cells l -1 (>70%) at P1/5 m (Table 3 and S1 Appendix), with Algirosphaera robusta HOL ("Sphaerocalyptra quadridentata") being the dominant taxon with up to 8.55 x 10 3 cells l -1 , 35% of the coccolithophore assemblage (Fig 3 and S1 Appendix) .
During September 2016, stations P1-P3 were characterized by the presence of both heteroand holococcolithophore species with the latter exhibiting particularly high values (Fig 3;  Tables 1 and 3 ). Numerous different holococcolithophore species (see S2 Appendix) were representing more than 60% of the surface water assemblages in most samples. Water collected close to the main CO 2 seeps had the highest concentrations of holococcolithophores (max. ). Out of the heterococcolithophores, Syracosphaeraceae and Rhabdosphaeraceae were contributing usually > 10% to the assemblages (S1 Appendix and Table 2 ). In contrast, Emiliania huxleyi displayed very low cell densities during the September 2016 sampling with minimum cell concentrations of 0. Table 3 ).
Species composition was completely different in March 2017 in comparison to September samplings, with E. huxleyi being dominant with values >60% in all stations. Syracosphaeraceae represented the second most important group, whereas holococcolithophores were practically absent.
H' index median values were mostly >1 and > 2 for September 2011 and September 2016 datasets, whereas they were <1 for March 2017 samples (Table 1) . 
Discussion
The Methana vent site represents an extended submarine volcanic field area of CO 2 seeps with observed effects of ocean acidification. Recent data on the macroalgal community of the Methana seep site have shown that benthic communities decreased in calcifying algal cover and increased in brown algal cover with increasing pCO 2 [37] and skeletal degradation in sea urchin species was observed followed by remarkable increases in skeletal manganese levels [38] . Within our coccolithophore study, both September samplings off Methana have taken place in distinctively warm, oligotrophic and stratified waters. Values of pH below 8 vary both spatially and seasonally in an extended area around Methana peninsula; the P1 station that represents a shallow area with documented CO 2 bubbles seeping from the sea floor (37, this study]) constantly displayed low pH values and O<1 (Table 2) . Current flows at this part of Saronikos Gulf are very weak during the warm period (10 cm/sec; Fig 1B) and as having a NW direction [47] do not essentially affect the study area at the northwestern part of Methana peninsula, especially during the September samplings. Hence, it is anticipated that coccolithophore assemblages, given that as nannoplanktonic organisms up to a few days or weeks (De Vargas et al., 2004) [65] with mobility functions ranging between 0.1 and 10 m per day (Young, 1994) [66] , are practically exposed in the acidified water bodies around the vent area throughout their entire life duration. Surprisingly, despite the low pH values and the undersaturated conditions in both calcite and aragonite, especially at station P1 (Table 2) , holococcolithophores are thriving in higher numbers (Fig 4; ) than what has been observed in similar environmental settings with "normal" pH values at the coastal environments off Andros Island, central Aegean Sea, where holococcolithophore total abundance was up to 6.1 x 10 3 cells l -1 in the warm-period samplings (Fig 1A and Table 3 ) [67, 68] ). Our data off Methana indicate that both holococcolithophores (during the warm season; Fig 4) and heterococcolithophores (mostly E. huxleyi, during the cold months; Fig 4) are unaffected in terms of abundance by low pH environment and presumably undersaturated conditions and also maintain their coccolith structure Coccolithophore community response along a natural CO 2 gradient intact (Fig 5) . Corroded coccospheres of both hetero-and holococcolithophore specimens have been found as very rare (<1%; Fig 6) . The striking difference in community structure between September and March represents the seasonal variability of the Aegean Sea with E. huxleyi and Syracosphaeraceae prevailing in the high cell density and low diversity assemblages during the winter and early spring, under low temperatures and higher nutrient concentrations [45 ] ( Tables 1 and 2 , data in S1 Appendix). Interestingly holococcolithophores and especially A. robusta HOL display increasing trend with lower pH, whereas diversity is showing a weak decreasing trend apparently associated with the dominance of A. robusta HOL (Fig 7) . Our findings are thus in contrast to coccolithophore field data from the Vulcano vent site [25] , which revealed a progressive decrease in coccolithophore diversity and cell concentration with decreasing pH and O calc values. Furthermore, in that study corroded and malformed specimens of E. huxleyi were observed near the seeps (pH 6.84, O<1); nevertheless, the authors have also reported holococcolithophores to be found at the lowest pH stations. The notably high abundance of holococcolithophores, that are known to form high-Mg coccoliths, as extracellular coccolithophore calcifiers [69, 70] at Methana site is quite Coccolithophore community response along a natural CO 2 gradient [74] have stated that as the saturation state reduces, biomineralisation is expected to become more energetically expensive. Indeed, Gibbs et al. [75] have used the distribution of the extracellular calcifying holococcoliths across the Paleocene-Eocene Thermal Maximum, as a novel indicator of biomineralization in order to assess ocean acidification response. Although extracellular calcification may be more sensitive to changes in seawater chemistry, Gibbs et al. [75] showed that the effects of ocean acidification were only evidenced when paired with elevated temperatures, in accordance with the outcome of previous studies [e.g. 11, 76, 77, 78] . Interestingly, similar findings were observed during a mesocosm experiment performed at the CRETACOSMOS mesocosm facility in HCMR Crete, where acidification alone (amendment to IPCC 2100 predictions) seemed to produce a short term enhancement of total phytoplankton biomass; warming alone had a similar effect but on primary production while acidification coupled to warming (greenhouse effect) seemed to further enhance the observed responses of phytoplankton community to each climatic stressor, respectively [79] . In addition, an earlier study of Feely et al. [80] already suggested that the response of marine calcifiers to decreasing calcium carbonate saturation state will be speciesspecific, depending on environmental parameters such as light, temperature and available nutrients, carbonate mineralogy and calcification mechanisms. In the haptophytes, heteromorphic life cycles with alternation of haploid and diploid stages produced via meiosis and syngamy are widespread or even ubiquitous [81, 82] . At present, limited numbers of complete life cycles are known in extant coccolithophores [67, [82] [83] [84] [85] [86] [87] . However, strong evidence suggests that the ecological preferences of the haploid and diploid generation are distinct. The K-selected group of holococcolithophores is more common and diverse under increased light conditions in the surface layers of oligotrophic, warm and stratified environments [45, 68, [88] [89] and increases in abundance towards shallower depths [e.g., 67]. Recent field data from a Mediterranean transect [90] verified the ability of coccolithophore haplo-diploid life cycle to adapt to the relatively high calcite saturation state, high temperature, stratified and oligotrophic south-eastern Mediterranean waters. Methana field data from the present study provide evidence of spectacular resistance of holococcolithophores in decreased pH conditions (Figs 5 and 6) .
Noel et al. [91] already suggested the importance of seawater temperature and chemical composition in coccolithophore life-cycle transitions, however thriving of high-Mg holococcolithophores in low-saturated waters of a dinoflagellate dominated-world (Fig 2) , needs further explanation, especially when a certain holococcolithophore species, A. robusta HOL with distinctively high Mg values [70] , is prevailing (Fig 5) . As temperature has proven to play the crucial role to potential acidification impacts [75] , it appears that our field data, although preliminary, document negligible acidification effects in oligotrophic to ultra-oligotrophic waters and temperatures below 28˚C. Apparently a simple temperature threshold does not adequately explain holococcolithophore distribution and the low nutrient availability in relation to saturation variability should be taken into account; however this remains to be further tested by advanced environmental monitoring and laboratory bioassay experiments.
Conclusions
Assemblages of living coccolithophores were investigated off Methana, eastern Peloponnese peninsula (Greece), along a pH gradient formed by natural CO 2 seeps. High numbers of holococcolithophore species were dominating the assemblages in the surface water during September. Assemblages were unaffected by low pH environment and undersaturated conditions; surprisingly, holococcolithophores and in particular Algirosphaera robusta HOL displayed an increasing trend with lower pH. Emiliania huxleyi was present only in low relative abundances in September samples, whereas it was more common in March. However, no malformed and very few corroded coccoliths were observed. Changes in the community structure should rather be related to increased temperatures and nutrient content, while the overall trend associates low pH values with high cell densities. Only diversity showed a weak decreasing trend, apparently associated with the dominance of A. robusta HOL. 
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